True ileal lysine digestibilities were determined using the homoarginine (HA) method in casein-, barley-, canola meal-, and barley-canola mealbased diets fed to growing pigs. Four Yorkshire barrows (25 to 49 kg BW) equipped with ileal Tcannulas were fed one of the diets according to a 4 × 4 Latin square design. All diets, except for the barley diet, were formulated to be similar in DE:CP ratio. Ileal digesta were collected continuously for 24 h on d 7 and 9 of each experimental period for determining apparent and true ileal digestibilities, respectively. True ileal lysine digestibility and endogenous flows were determined by feeding diets in which 50% of the protein-containing ingredients was guanidinated; the conversion of lysine to HA allows for direct determination of true lysine digestibilities. The apparent ileal CP and amino acid digestibilities were higher ( P < .05) in the casein diet than in the barley, canola meal, and barley-canola meal diets. The CP digestibility was higher ( P < .05) in the barley-canola meal diet than in the barley and canola meal diets. Endogenous lysine losses were influenced by diet ( P < .05) and ranged between 586 and 1,429 mg/kg DM intake. True ileal lysine digestibilities in barley, canola meal, and barley-canola meal diets were similar ( P > .05) and lower ( P < .05) than in the casein diet. The true ileal amino acid digestibilities were estimated for other amino acids. Unlike apparent digestibilities, true digestibilities seemed additive in the barley-canola meal mixture.
Introduction
For accurate formulation of pig feeds in terms of amino acid supply, it is essential that amino acid availabilities in individual ingredients be determined and that these be additive in mixtures of ingredients. Apparent ileal amino acid digestibilities provide a reasonable estimate of amino acid availabilities in most pig feed ingredients (Sauer and Ozimek, 1986; Moughan, 1995) . Recent studies suggest that endogenous gut N losses are higher than previously estimated and that differences in apparent digestibilities between feedstuffs are attributed to differences in endogenous gut N losses rather than to differences in true digestibilities (Marty et al., 1994; Schulze et al., 1994) .
For determining true ileal amino acid digestibilities, the undigested dietary amino acids present in the ileal digesta should be differentiated from endogenous amino acids. The homoarginine ( HA) method, which involves the transformation of dietary lysine to its amino acid analogue, homoarginine, in a guanidination reaction with methylisourea, is a promising method for determining true lysine digestibilities in pig feed ingredients (Hagemeister and Erbersdobler, 1985; Rutherfurd and Moughan, 1990; Marty et al., 1994) . However, the HA method has not been tested with most commonly used pig feed ingredients.
The objectives of the study described herein were to determine endogenous amino acid flow at the terminal ileum using the HA method and to estimate true ileal amino acid digestibilities in casein-, barley-, canola meal-, or barley-canola meal-based diets fed to growing pigs. The barley-canola meal diet was included to allow assessment of additivity of apparent and true amino acid digestibilities. 
Materials and Methods

Animals and Housing. Four Yorkshire growing
barrows with an average initial BW of 25 kg were obtained from the University of Guelph Arkell Swine Research farm for use in the present study. Pigs were housed in .9-× 1.5-m adjustable metabolism cages with smooth, transparent plastic sides and tender foot floors in a temperature-controlled (20 to 22°C ) room. After a 7-d adaptation period, pigs were surgically fitted with a simple T-cannula (20 mm i.d.; Central Hydraulics Mfg. Co. Ltd, Edmonton, Alberta) at the terminal ileum following the procedures described by Sauer et al. (1983) . The design of the cannulas was modified according to de Lange et al. (1989a) . After surgery, the pigs were immediately returned to the metabolism cages and allowed a 14-d recovery period. During this period they were fed twice daily increasing amounts of a corn and soybean meal-based grower diet and had unlimited access to water. The use of animals in the present study was reviewed and approved by the Animal Care Committee of the University of Guelph and the pigs were cared for according to the guidelines of the Canadian Council on Animal Care. After the study, the pigs were killed to determine whether cannulation had caused any intestinal abnormalities.
Preparation of Experimental Diets. Four diets were formulated to contain a similar DE:CP ratio (except the barley-based diet) ( Table 1) . Diet 1 was a semisynthetic diet based on casein and cornstarch that, based on previously reported data (Butts et al., 1993) , was assumed to be highly digestible and was used to estimate the minimum endogenous N losses. Diets 2, 3, and 4 contained barley, canola meal, and a combination of barley and canola meal as protein sources, respectively. The barley and canola meal were ground in a hammer mill through a 2-mm screen before diet preparation. Cornstarch was used to supply energy in diet 3, and sucrose was included in diets 1, 3, and 4 to improve palatability. Vitamins and minerals were supplemented to meet or exceed NRC (1988) recommendations. Chromic oxide (.5%) was included in each diet as an indigestible marker for determining nutrient digestibilities.
For the estimation of true ileal amino acid digestibilities and endogenous amino acid flows, samples of the four protein sources were guanidinated before diet preparation. The guanidination of casein was achieved by using the procedure described by Schmitz et al. (1991) and that of barley and canola meal was accomplished by increasing the methylisourea ( MIU) concentration to .5 M and the incubation period to 6 d as established in a preliminary study (Nyachoti and de Lange, 1996) . Briefly, material calculated to contain 200 g of crude protein was thoroughly mixed with a liter of MIU solution and the pH was adjusted to 10.5 using 1 M NaOH. The mixture was then incubated in a refrigerator set at 4°C for 4 d (for casein) or 6 d (for barley and canola meal). The MIU solution was prepared by reacting O-methylisourea (Pfalzer and Bayer, Connecticut, OH) with barium hydroxide (Sigma Chemical, St. Louis, MO), followed by centrifugation at 4,000 × g to remove the precipitated barium sulphate. The pH was monitored twice daily and adjusted accordingly, and the material was thoroughly stirred to ensure uniform conditions in the mixture during incubation. At the end of incubation, the guanidination reaction was stopped by lowering the pH to the isoelectric point of each protein (casein, 4.6; barley, 5.6; canola meal, 4.6) using 1 M HCl. Samples were then centrifuged at 4,000 × g and 4°C to recover the guanidinated protein. Unreacted MIU was removed by resuspending the precipitate in water adjusted to the isoelectric pH of each protein and centrifuged again. The latter was repeated thrice, each time discarding the supernatant. The clean material was freeze-dried before it was used in diet preparation. Lysine conversion to HA in casein, barley, and canola meal was 94.1, 86.6, and 80.1%, respectively. The HA diets were prepared by replacing 50% of the protein source in each diet (Table 1 ) with guanidinated samples. Dysprosium chloride (Sigma) was used in place of chromic oxide as an indigestible marker and included at a level of 100 ppm (Marty et al., 1994 ) so as to have a marker unique for the HA diets.
General Conduct of Study. The experiment was designed and conducted according to a 4 × 4 Latin square. After recovering from surgery, the pigs were offered one of the four experimental diets at 0800 and 1800 daily as a wet mash. Feed refusals and spillage were recorded and used to determine actual DMI. Pigs were fed at 2.6 times maintenance energy requirement (ARC, 1981) based on their BW at the beginning of each experimental period. Because there were differences in calculated diet DE contents, feed allowance varied among diets. At the end of each feeding, drinking water was placed in the feed troughs so that it was always available.
The experimental periods lasted 9 d each. Pigs were allowed to acclimatize to their respective experimental diets for 6 d. On d 7, a 24-h continuous ileal digesta collection was conducted for determination of apparent digestibilities in the regular non-guanidinated diets. On d 9, a meal of the diets with guanidinated protein was fed only at 0800 followed by a 24-h continuous digesta collection for determining endogenous amino acid losses and true amino acid digestibilities. Digesta were collected through soft transparent plastic tubes ( 4 cm i.d.; Alpine Plastics Ltd, Edmonton, Alberta) that were attached to the barrel of the ileal cannulas as described by de Lange et al. (1989a) . The lower section of the tube was clamped shut, filled with 10 mL of formic acid to minimize bacterial activity, and kept immersed in a plastic container filled with ice water. Every 1 to 2 h, the collected digesta were removed and immediately frozen at −20°C until further analysis.
Sample Preparation and Analyses. Digesta were pooled per pig and collection day. Digesta samples were freeze-dried, and along with diet samples, ground in a Wiley mill through a .5-mm screen and thoroughly mixed before analyses. Nitrogen and DM content in diet and digesta were determined according to AOAC (1990) . Chromic oxide was determined using the method of Fenton and Fenton (1979) ; dysprosium chloride was determined by flame atomic absorption spectrophotometry (Everson, 1975) . Amino acid and homoarginine content in feed and digesta were determined using a Beckman System Gold amino acid analyzer (Beckman Instruments, Mississauga, ON) following hydrolysis with 6 N HCl in sealed, evacuated tubes at 110°C for 24 h (Mason et al., 1980) . The sulfur-containing amino acids and tryptophan were not determined. All analyses were performed in duplicate.
Calculations and Statistical Analysis. Apparent ileal amino acid and protein digestibilities were calculated using the observations made on d 7 and chromic oxide as the indigestible marker. The following formula was used: in the diet and digesta, respectively. The total flow (mg/kg DMI) of nitrogen, amino acids, and homoarginine at the terminal ileum was calculated as follows:
where AA flow is the flow of an amino acid at the terminal ileum and [Marker] diet and [Marker] digesta are the concentrations of the appropriate indigestible marker (chromic oxide for d 7 and dysprosium chloride for d 9 observations) in the diet and digesta, respectively. The true digestibility of lysine (TD lys ) was calculated as follows:
where [HA] diet and HA flow are the homoarginine concentration in the diet (mg/kg DM) and the flow of homoarginine at the terminal ileum, respectively Marty et al., 1994) . The flow of endogenous lysine (LYS eflow ) was calculated as the total flow of lysine at the distal ileum (LYS flow , determined with Eq.
[2] and from observations made on d 7 ) minus the flow of unabsorbed dietary lysine using the following equation:
where [LYS] diet is the concentration of lysine in the diet. The endogenous flow of amino acids other than lysine (AA eflow ) was calculated from the observed flow of endogenous lysine and the amounts of other amino acids relative to lysine as reported by Boisen and Moughan (1996) , except for proline and glycine, for which ratios from de Lange et al. (1989b) were used. True digestibilities of amino acids other than lysine were then calculated as follows:
Endogenous flow of N was determined by multiplying N flow at the distal ileum with the ratio of lysine in endogenous nitrogen and the results employed in deriving true N digestibilities using Eq.
[5].
Data were subjected to analysis of variance using the GLM procedures of SAS (1985) . The experimental design used was a 4 × 4 Latin square and effects of period (df = 3), animal (df = 3), and diet (df = 3 ) were included in the statistical model. When a significant F-value ( P < .05) was indicated by the analysis of variance, means of diet treatments were compared using Duncan's multiple-range test (Steel and Torrie, 1980) . The observed amino acid digestibility values in the barley-canola meal diet were compared to those calculated from digestibilities in the pure ingredients by means of a t-test to assess additivity of apparent and true digestibilities.
Results and Discussion
All four pigs remained healthy, readily consumed their daily feed allowance, and grew normally throughout the study. At the end of the experiment, their BW averaged 48.9 ± 2.8 kg, and their DMI during the experiment were 980, 1,311, 1,098, and 1,229 g/d for the casein, barley, canola meal, and barley-canola meal diets, respectively. The amount offered for each diet differed due to their differences in calculated energy content (Table 1) , and this led to the significant ( P < .05) differences in DMI. A postmortem examination indicated that cannulation did not result in any intestinal abnormalities or adhesions and that cannulas were inserted at the proper location.
The DM, CP, and amino acid contents of casein, barley, canola meal, and the experimental diets are shown in Table 2 . Amino acid analyses of ingredients are within the range of published values (NRC, 1988; Fan et al., 1995) , although levels in canola meal are somewhat lower than NRC (1988). For most amino acids and CP, the analyzed contents in the diets were similar to calculated values based on analyzed amounts in the individual ingredients and their respective inclusion levels in the diets.
The apparent ileal digestibilities of DM, CP, and amino acid in the experimental diets (Table 3 ) were within the range of reported values for these feedstuffs and diets (Sauer and Ozimek, 1986; de Lange et al., 1990; Darcy-Vrillon et al., 1991; Heartland Lysine, 1995) . As expected, DM, CP, and amino acid digestibilities were highest ( P < .05) in the casein diet. Apparent ileal DM digestibility was lowest ( P < .05) in the barley-canola meal diet. Apparent ileal CP digestibilities were similar in the barley and canola meal diets; both were lower ( P < .05) than that in the barley-canola meal diet. Of the essential amino acids, only apparent ileal arginine and lysine digestibilities differed ( P < .05) among the barley, canola meal, and barley-canola meal diets. The apparent ileal lysine digestibility value (53.6 % ) obtained in the present study for barley agrees closely with results of others (Furuya and Kaji, 1991; Fan et al., 1995) . However, values that are substantially higher or lower than those observed here have been reported (Imbeah et al., 1988; de Lange et al., 1990; Heartland Lysine, 1995) . The value observed for canola meal was somewhat lower than that previously reported (Imbeah et al., 1988; de Lange et al., 1990; Fan et al., 1995; Heartland Lysine, 1995) , and the value for the barley-canola meal diet agreed closely with that reported by Fan et al. (1995) . The apparent ileal digestibility of threonine was 63.7, 62.4, and 67.7 % for the barley, canola meal, and barley-canola meal diets, respectively. These values agree closely with previously reported data (de Lange et al., 1990; Fan et al., 1995) . Differences in apparent ileal digestibilities of dispensable amino acids were significant ( P < .05) only for alanine, aspartic acid, glycine, and serine among the diets containing plant protein. Of these, glutamic acid had the highest apparent ileal digestibility for barley, canola meal, and barley-canola meal diets, and glycine had the lowest digestibility value except for the barley-canola meal diet. The flow of lysine at the distal ileum is presented in Table 4 . There were significant differences ( P < .05) in the total and endogenous flows of lysine at the distal ileum of pigs fed the four experimental diets. Endogenous lysine flow was lowest ( P < .05) in the casein diet compared to the other diets. The canola meal diet had the highest flow, and amounts for the barley and barley-canola meal diets were intermediate (Table 4 ). The endogenous lysine flow observed for the casein diet was close to that reported by Butts et al. (1993) , who used the enzymatically hydrolyzed casein method, and these can be considered as the minimum gut losses. Estimates of endogenous lysine flow for the barley and canola meal diets were 1,101 and 1,429 mg/kg DMI, respectively, which are in close agreement with previous estimates obtained with the 15 N-isotope dilution technique (de Lange et al., 1990 ; 1,111 and 1,223 mg/kg DMI, respectively). The amount observed for the canola meal diet was similar to the amount determined by Marty et al. (1994; 1,329 mg/kg DMI) in 50-kg pigs fed soybean meal-based diets using the HA method. The calculated quantities of endogenous N recovered for the casein, barley, canola meal, and barley-canola meal diets were 1.16, 2.19, 2.77, and 2.73 g/kg DMI, all of which fall within the wide range of values previously reported for endogenous N losses in growing-finishing pigs (Nyachoti et al., 1997) .
The current data indicate that the HA method gives reasonable estimates of endogenous lysine losses, even though assumptions have to be made when this method is used. These assumptions have been discussed elsewhere (Boisen and Moughan, 1996; Nyachoti et al., 1997) and addressed in a number of studies Schmitz et al., 1991; Marty et al., 1994) . The results clearly demonstrate that conventional methods of estimating endogenous N losses (N-free, purified diets) underestimate the actual amount of endogenous N losses when practical diets are fed. Others have made similar observations (e.g., Darragh et al., 1990; de Lange et al., 1990; Butts et al., 1993) .
The recovery of endogenous gut protein at the distal ileum of growing-finishing pigs represents a balance between secretion and reabsorption (Souffrant, 1991; Nyachoti et al., 1997) . Secretion and(or) reabsorption of endogenous gut protein is influenced by such factors as the BW, dietary fiber content, DMI, and the presence of anti-nutritive factors in the diet. The role of these factors in inducing endogenous gut protein losses has been reviewed in detail elsewhere (Boisen and Moughan, 1996; Nyachoti et al., 1997) . The amount of DMI and dietary crude fiber differed among diet treatments in the present study, and this may account for part of the differences observed in endogenous gut protein losses. It is apparent that other factors also affect endogenous losses.
A limitation of the HA method is that only endogenous lysine flow is determined. Flow of other amino acids can be calculated if assumptions are made about the amino acid composition of endogenous gut protein. Boisen and Moughan (1996) , in a recent review, concluded that the amino acid composition of endogenous gut protein is relatively constant. However, they reported substantial differences in amino acid composition of endogenous gut protein between individual studies. Part of these differences may be attributed to the variable proline and glycine content in endogenous N that seems related to the overall N balance in pigs (de Lange et al., 1989b) . Even though we assume in our calculations of true ileal amino acid digestibilities that the amino acid composition of endogenous gut protein is constant, we suggest that the effect of diet on the amino acid composition of endogenous gut protein be further evaluated (e.g., Souffrant, 1991; Boisen and Moughan, 1996) . The true ileal N and amino acid digestibilities are presented in Table 5 . There were no significant differences ( P > .05) in true ileal N digestibilities among the four diets, although the casein diet had a numerically higher value than the other three diets. The casein diet had the highest ( P < .05) true ileal lysine digestibility, but this did not differ among the other three diets. True ileal digestibilities for amino acids other than lysine differed ( P < .05) for arginine, histidine, and leucine only among the indispensable amino acids, and only for alanine, glutamic acid, and proline were differences ( P < .05) observed among the dispensable amino acids. In general, the true ileal N and amino acid digestibilities obtained for barley and canola meal were in close agreement with the values obtained by de Lange et al. (1990) using the 15 N isotope dilution technique. These observations suggest that differences in the flow of endogenous gut protein losses contribute to differences in apparent amino acid digestibilities between feedstuffs (Marty et al., 1994; Schulze et al., 1994) . The observed and calculated apparent ileal digestibilities in barley-canola meal diet were only significantly different ( P < .05) for arginine, lysine, and valine among the indispensable amino acids and for alanine and aspartic acid among the dispensable amino acids (Table 6 ). However, observed and calculated true ileal digestibilities did not differ ( P > .05; Table 6 ) for any of the amino acids. The numerical differences between observed and calculated digestibilities were smaller for true digestibilities than for apparent digestibilities for all amino acids. It seems that at least for some amino acids apparent digestibilities determined in pure ingredients are not additive when included in a mixture of ingredients (i.e., in a complete diet). Similar observations have been made previously (Imbeah et al., 1988) . This indicates that it is more appropriate to use true ileal amino acid digestibilities in feed formulation because the digestible amino acid supply in a complete diet can be predicted from true digestibilities determined in pure ingredients.
Implications
The homoarginine (HA) method is a relatively simple and inexpensive means for determining endogenous gut lysine losses and true lysine digestibilities in pigs fed practical type feeds. When the HA method is used to estimate the true ileal digestibilities of amino acids, other than lysine, assumptions have to be made about the amino acid composition of endogenous gut protein losses (ENL). True rather than apparent ileal amino acid digestibilities should be used when formulating swine feeds, but this will require further development of methods for routine estimation of ENL. Improvements in protein utilization should be sought via reducing ENL and improving true ileal amino acids digestibilities.
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